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ABSTRACT 
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The  work  described  in  this  report  was  directed  at  the  study  of  the 
interaction  between  magnetism  and  superconductivity,  a  classical  problem  which 
is  important  in  establishing  a  fundamental  understanding  of  both  phenomena. 
This  field  has  attracted  increased  attention  as  a  consequence  of  the  develop¬ 
ment  of  stoichiometric  compounds  which  are  superconducting  and  which  contain 
magnetic  ions.  The  coupling  between  the  conduction  electrons  and  these  ions 
can  either  be  ferromagnetic  or  antiferromagnetic.  The  work  has  had  two 
aspects,  the  study  of  thin  films  of  magnetic  superconducting  compounds  using 
electron  tunneling  as  a  tool  and  the  development  of  techniques  for  the 
fabrication  of  films  of  the  Chevrel  phase  compounds,  which,  because  of  their 
high  critical  magnetic  fields,  are  potentially  technologically  significant 
materials.  The  tunneling  investigations,  in  addition  to  revealing  fundamental 
features  of  magnetic  superconducting  mat -.rials,  have  also  led  to  the  develop¬ 
ment  of  some  new  techniques  for  the  fabrication  of  artificial  barrier 
tunneling  junctions  and  have  pointed  out  unusual  possibilities  for  three- 
terminal  superconducting  devices. 
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Description  of  the  Research 


A.  Introduction 

The  work  supported  under  this  contract  can  be  divided  into  several 
areas,  fabrication  and  properties  of  thin  films  of  magnetic  superconductors  of 
the  rhodium  boride  family,  tunneling  into  magnetic  superconductors,  artificial 
barrier  tunneling  junction  fabrication  and  characterization,  and  fabrication 
and  properties  of  the  Chevrel  phase  compounds.  In  the  following  narrative  the 
references  are  to  works  produced  with  support  from  this  contract.  These  are 
enumerated  in  Section  II  of  the  write-up. 

B.  Properties  of  ErRh^B^  Thin  Films 

Essentially  single  phase  thin  films  of  ErRh^B^  were  prepared  by  sputter 
deposition  from  an  arc-melted  target  of  ErRh^B^.^  This  work  was  carried  out 
in  an  ultra-high  vacuum  system  incorporating  a  liquid-nitrogen  cryogettering 
can.  Optimum  conditions  for  depositing  the  films  were  determined.  Transition 
temperatures  were  found  to  be  slightly  different  from  those  measured  on  bulk 
polycrystalline  or  single-crystal  samples. 

The  critical  magnetic  fields  of  these  films  were  investigated  in  some 
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detail.  The  perpendicular  critical  fields  H^^were  found  to  be  larger  than 
the  parallel  critical  field  H  .  These  unusual  results  were  shown  to  be 
consistent  with  a  simple  model  which  considers  the  effect  of  the  magnetization 
induced  in  the  film  by  the  externally  applied  field.  This  was  the  first 
report  of  such  an  effect  in  superconductors.  The  measurements  serve  as  an 
important  probe  of  the  internal  magnetization  of  the  magnetic  ions  in  the 
superconducting  state. 
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Techniques  for  the  preparation  of  tunneling  junctions  with  ErRh^B^  base 
electrodes  and  counterelectrodes  of  a  number  of  metals,  both  superconducting 
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and  nonsuperconducting  were  developed.  This  work  permitted  the  study  of  both 
Josephson  tunneling  and  single  particle  tunneling  in  ErRh^B^  thin  films.  In 
the  case  of  pair  tunneling,  studies  were  carried  out  on  ErRh^B^-Lu(0H)2-In 
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thin  film  junctions.  The  Fraunhofer-like  pattern  of  the  magnetic-field 
dependence  of  the  dc  Josephson  current  was  found  to  split  at  a  temperature 
just  above  the  reentrant  transition  of  ErRh^B^.  This  result  suggests  the 
onset  of  a  magnetic  structure  of  semimacroscopic  scale  which  does  not  break  up 
the  superconductivity  of  the  ErRh^B^  electrode  into  disconnected  domains,  at 
least  within  the  surface  region  probed  by  tunneling.  Other  features  of  the 
Josephson  effect  in  these  junctions  were  also  investigated.  All  of  them  were 
consistent  with  the  onset  of  strong  magnetic  effects  at  a  temperature  of  about 
1.5  K,  a  full  half  degree  above  the  beginning  of  the  magnetic  transition.  The 
results  suggest  the  existence  of  an  extended  coexistence  phase,  perhaps  con- 
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nected  with  the  polycrystall ine  character  of  the  films. 

Single  particle  tunneling  studies  were  also  carried  out  in  junctions 
with  ErRh^B^  base  electrodes  and  Sb  counterelectrodes.  Various  features  of 
the  paramagnetic,  superconducting  and  ferromagnetic  phases  were  revealed  in 
these  studies.  Anomalous  features  of  the  tunneling  conductance  in  the  fer¬ 
romagnetic  phase  which  persist  into  the  superconducting  state  were  observed.^ 
These  appear  to  be  connected  with  the  onset  of  ferromagnetism  in  the  region  of 
coexistence  of  ferromagnetism  and  superconductivity  just  above  the  lower 
transition  T^^-  Thus  far  they  have  not  been  explained  theoretically.  The 
general  behavior  of  the  single  particle  tunneling  conductance  and  the  density 
of  states  of  ErRh^B^  as  a  function  of  temperature  is  very  consistent  with  the 
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behavior  of  the  Josephson  effect  in  this  material.  In  particular,  the  sub-gap 
conductance  which  decreases  with  temperature  below  8.0  K  as  the  quasiparticles 
freeze  out  exhibits  a  sharp  minimum  at  about  1.8  K  and  abruptly  decreases  with 
temperature  as  1^2  Is  approached  from  above.  This  result  is  consistent  with 
the  onset  of  strong  pair-breaking  in  an  extended  coexistence  region  above  T^2* 
We  are  convinced  that  this  effect  and  corresponding  features  of  the  Josephson 
current  are  the  result  of  the  polycrystalline  character  of  the  films  and  the 
fact  that  small  crystallites  may  become  ferromagnetic  at  higher  temperatures 
as  a  consequence  of  surface  effects.^ 

C.  Artificial  Barrier  Tunneling  Junctions 

In  order  to  produce  tunneling  junctions  with  ErRh^B^  base  electrodes  we 

had  to  investigate  the  technology  of  the  fabrication  of  artificial  barrier 

tunneling  junctions.  We  succeeded  in  developing  techniques  for  preparing 

junctions  with  base  electrodes  of  Nb,  Nb^Ge,  Y^Si,  and  ErRh^B^  and  with  coun- 
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terelectrodes  of  Pb  or  In  and  barriers  of  oxidized  Lu  or  Er.  Junctions  with 
Nb  base  electrodes  were  characterized  in  detail.  The  work  showed  that 
oxidized  layers  of  the  rare  earths  could  be  used  to  form  artificial  barrier 
tunneling  junctions  on  a  variety  of  technologically  and  scientifically  impor¬ 
tant  materials.  The  process  is  simple  and  fast  and  produces,  with  some  base 
electrodes,  high-quality  Josephson  junctions  which  thermally  cycle. 

Because  oxidized  layers  of  the  rare  earth  metals  were  potentially  inter¬ 
esting  materials  in  their  own  right,  we  undertook  investigations  in  order  to 
determine  the  chemical  composition  of  these  artificial  barriers.  This  was 
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done  using  X-ray  Photoemission  Spectroscopy  (XPS).  The  work,  which  was 
carried  out  in  collaboration  with  the  Surface  Analysis  Center  of  the 


University  of  Minnesota,  revealed  that  the  barrier  materials  were  undoubtedly 
rare  earth  trihydroxides  rather  than  sesquioxides. 

D.  Tunneling  Junctions  with  Magnetoelectric  Barriers 

Our  development  of  an  artificial  barrier  for  superconducting  tunneling 
junctions  led  us  into  serious  study  of  the  possibilities  of  a  number  of  dif¬ 
ferent  junction  configurations.  We  proposed  a  three-terminal  Josephson 
device,  which  in  principle  could  have  gain  and  which  depends  on  the  mag¬ 
netoelectric  effect. The  latter  is  a  property  of  the  anti  ferromagnetic 
phase  of  certain  compounds.  When  an  electric  field  is  applied  across  a  mag¬ 
netoelectric  material,  a  magnetization  develops.  If  one  junction  of  a  two- 
junction,  three-electrode  sandwich  contained  a  magnetoelectric  barrier,  a 
magnetic  field  would  result  if  that  junction  were  switched  to  the  finite 
voltage  state.  This  field,  when  coupled  into  the  second  junction,  would  cause 
it  to  switch  from  the  zero-voltage  to  the  finite-voltage  state.  If  the  second 
junction  had  a  larger  critical  current  than  the  drive  junction,  then  the 
resultant  three-terminal  device  would  have  gain. 

This  idea  was  a  direct  consequence  of  our  investigations  into  the 
properties  of  the  rare  earth  sesquioxides  and  trihydroxides,  because  we  dis¬ 
covered  the  existence  of  the  rare  earth  oxy-hydroxides  which  are 
magnetoelectric  compounds.  A  simpler  version  of  the  device  described  above 
was  conceived  in  collaboration  with  Professor  T.  Hsiang  of  the  University  of 
Rochester.  In  this  second  device  the  drive  junction  is  replaced  by  a 
capacitor  filled  with  magnetoelectric  material.  This  permits  the  application 
of  a  much  higher  voltage  than  would  be  applied  across  a  Josephson  junction. 

The  resultant  magnetic  field  produced  would  be  larger,  but  most  importantly 
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the  device  would  have  field  effect  transistor  like  input  characteristics.  It 
would  be  a  voltage  controllable  Josephson  junction  with  a  high  input 
impedance.  A  device  such  as  this  could  be  very  important  to  the  future  use  of 
Josephson  digital  electronics. 

E.  Chevrel  Phase  Compounds 

The  greater  part  of  the  effort  in  this  area  was  devoted  to  the  develop¬ 
ment  of  a  computer-controlled  high  vacuum  evaporation  system  for  the 
deposition  of  these  compounds  in  a  controlled  manner.  Such  a  system  was 
successfully  developed.  It  employed  a  combination  of  electron  beam  sources, 
resistively  heated  Langmuir  sources  and  Knudsen  sources.  Unique  features  of 
the  system  included  the  techniques  employed  to  handle  sulfur  in  a  high  vacuum 
environment  and  the  monitoring  and  control  system  used  to  ensure  the  formation 
of  stoichiometric  compounds  with  a  high  degree  of  compositional  uniformity. 

Thin  films  of  CuMogSg  have  been  fabricated.  The  CuMogSg  films  produced 
using  these  techniques  were  relatively  highly  ordered  and  pure.  The  HoMogSg 
films,  as  prepared,  show  a  resistance  minimum,  but  do  not  become  completely 
superconducting.  However,  after  they  are  reactively  annealed  they  become 
superconducting  and  exhibit  reentrant  superconductivity  similar  to  that 
described  in  the  work  on  ErRh^B^  above.  These  methods  have  not  been  used 
successfully  to  form  PbMogSg  films  because  of  the  high  volatility  and  short 
dwell  time  of  Pb  on  the  substrate  surface. 

Articles  describing  the  fabrication  system^^  and  the  results  obtained 
12 

with.it  have  been  submitted  for  publication  but  have  not  appeared  as  of  this 
writing. 


List  of  Publications  Supported  by  This  Contract 

G.  L.  Christner,  B.  Bradford,  L.  E.  Toth,  R.  Cantor,  E.  D.  Dahlberg,  A. 
M.  Goldman,  and  C.  Y.  Huang,  J.  Appl.  Phys.  5820  (1979). 

R.  H.  Cantor,  E.  D.  Dahlberg,  A.  M.  Goldman,  L.  E.  Toth,  and  G.  L. 
Christner,  Solid  State  Commun.  485  (1980). 

C.  P.  Umbach,  L.  E.  Toth,  E.  D.  Dahlberg,  and  A.  M.  Goldman,  Physics 
lOOB,  803  (1981). 

C.  P.  Umbach  and  A.  M.  Goldman,  Rev.  Lett.  1433  (1982). 

C.  P.  Umbach,  L.-J.  Lin,  and  A.  M.  Goldman,  in  Superconductivity  in  d- 

and  f-Band  Metals,  1982,  Edited  by  W.  Buckel  and  W.  Weber, 
(Kernforschungszentrum  Karlsruhe  Gmbh,  1981),  p.  209. 

L.-J.  Lin,  A.  M.  Goldman,  A.  M.  Kadin,  and  C.  P.  Umbach,  Phys.  Rev. 
Lett.  51,  2151  (1983). 

L.-J.  Lin,  A.  M.  Goldman,  A.  M.  Kadin,  and  C.  P.  Umbach  in  LT-17 

(Contributed  Papers),  edited  by  U.  Eckern,  A,  Schmid,  W.  Weber,  and  H. 

Wuhl,  (Elsevier  Science  Publishers,  New  York,  1984),  p  831. 

C.  P.  Umbach,  A.  M.  Goldman,  and  L.  E.  Toth,  Appl.  Phys.  Lett.  40,  81 
(1982). 

G.  T.  K.  Swami,  F.  E.  Stageberg,  and  A.  M.  Goldman,  J.  Vac.  Sci. 
Technol.  A  2,  767  (1984). 

Allen  M.  Goldman,  Proceedings  of  the  Applied  Superconductivity 
Conference,  1984,  to  be  published. 

R.  J.  Webb  and  A.  M.  Goldman,  submitted  for  publication  in  J.  Vac.  Sci. 


and  Technol.  A. 


R.  J.  Webb,  A.  M.  Goldman,  J.  H.  Kang,  J.  Maps,  and  M.  F.  Schmidt, 
Proceedings  of  the  Applied  Superconductivity  Conference,  to  be  pub- 
1 i shed. 

Doctoral  Students 

1.  Robin  Cantor,  Ph.D.  (Physics),  1981 

Thesis  Title:  Single-Particle  and  Pair  Tunneling  Studies  of 

Superconducting  Compounds  and  Two-Dimensional  Films 
Current  Employment:  Superconductivity  Group,  Sperry  Univac,  Eagen, 

MN 


2.  Corwin  P.  Umbach:  Ph.D.  (Materials  Science),  1982 

Thesis  Title:  Fabrication  of  Electron  Tunneling  Junctions  on  Nb^Ge 
and  ErRh^B^ 

Current  Employment:  Staff  Member,  I.B.M.  T.J,  Watson  Laboratory, 

Yorktown  Heights,  N.Y. 

3.  L-J.  Lin,  Ph.D.  (Physics),  1984 

Thesis  Title:  Tunneling  into  the  Magnetic  Superconductor  ErRh^B^ 
Current  Employment:  Postdoctoral  position.  Department  of  Applied 

Physics,  Yale  University,  New  Haven,  CT 


4.  R.  0.  Webb,  Ph.D.  (Materials  Science),  1984 

Thesis  Title:  Reactive  Evaporation  of  Chevrel  Phase  Ternary 
Superconductors 


Current  Employment:  3M  Research  Center,  St.  Paul,MN 


-n- 


IV. 


Preprints  of  Papers  Not  Yet  Published 

A.  Proposed  Three-Terminal  Superconducting  Device  Based  on  the 
Thermoelectric  Effect,  to  be  published  in  the  Proceedings  of  the 
Applied  Superconducti vity  Conference. 

B.  Reactive  Evaporation  of  Chevrel  Phase  Superconducting  Compounds, 
be  published  in  the  Proceedings  of  the  Applied  Superconductivity 
Conference. 

C.  An  Evaporation  System  fcr  the  Preparation  of  Ternary  Compounds, 
submitted  to  J.  Vac.  Sci.  Technol.  A. 


to 


To  be  published  in  Proceedings  of  the  Applied  Superconductivity  Conference 


A. 


i;;-: 


r  I  [  i  1‘!IC  :  I  •  ;  i  i‘ 


A 1  I  i‘:i  •! .  CtJ  1 

ot  .ii.-l  As:  I -j::.  .-iv 

I'nivorsitv  o:  '-litir'nstiLa 
M :  :iiu’.!p--» 1 1  ,  '’IN  i  .'A 


viov:c-.‘s  Mih  i  r.i  a !- 1  '  v’-ii.i.*  r.  .::cs  "mv  Ii'* 

cr’j.'ial  for  .i  a-."..  ■  r  of  j  ;.p  s  i  o..i  . •.<:  ‘tj-TO'iT'.- 
duk'  r  1  n (' ! .  c  C  r.."  : .  .  \  !  •  r-o  t  ■ .  i  a  i  J  '■  ^soprjrsjrs 

do\iC.‘  .»;uc:’.  :a  ;•  a' ;  ac:  i  p  1  •  ■  s.v.-,!'.d  aiul  vhich 

dtpoiuls  Ji\  :  •".a  ..  f  ac  w  :c  f  t  i  ;•  dose  r bc-d  . 

Tho  mcaoLoo oe  :  v  : :  ■'•ii-j::',  is  a  op*'r :  .  of  tho  aa- 
1 1 : or rar.a : c  iso  of  C'r La  i  a  co  sau-aads .  V.'h.on  an 

T.aLorial,  a  .r  aaaoL  i  ::a  L  :  on  iio\ e !  aps.  If  one  Jo.~eph>on 
junction  01  a  :  S')- junc  :  i  an  ,  tiiroo-olecL  ro.io  sandwich 
conLainod  n  irnot  oo  f  o.:  t.  r  i  c  barrier,  a  nar^notic  lielti 
wo’.ilj  re-".;!*.  t:.aL  }uncLian  uoro  1 1  cfio-.!  to  the 
finiLe  voiLav/^  slilo.  !:\i.s  fioid,  u'noti  coupled  inio 
tn.e  r.-acon  :  j-,;:.: ;  :  an ,  s.ajlt  cause  :t  L  n  switch  from  l::- 
■  r  0  -  VC  1 1  a  lie  1'  ’.'.niLe  v'l:  cti!'"'.  if  tho 

In* :  .-■•iurLio-i 


an  inducod  -lectric  rs  '.i-nt  pruport  i  ana  1  ta  an  appl:--! 
mns.'S'iic  fit'ld.  I'iio  p  s  i  t)i  1 1 1  v  ol  su^h  in  otiect  w.i 

tirst  menu  nv  j  icrr-.’  Cant;.  It  is,  on* 

of  ^a•vo!  af  classvs  oi  j'hen-.;  rona  winch  unt  ;  !  i  ho  nid- 
I9b0's  wore  beliovod  to  bo  furbidden  bv  tine  rovisai 
symmiotry  as  they  are  rojne>on'od  in  the  crvrtal 
Hanilt-inian  by  a  torn  ud  1  in  the  maypn.-tic  field. 

8 

Landau  and  Litshitz  showed  that  tae  lino  reversal 
synnotry  operation  for  a  given  crystalline  geonetry  ii 
not  an  i ndep^'ndont  symmetry  olcment  whenc-ser  tfie  crys¬ 
tal  is  magnetically  ordered,  thus  allowing  for  the 
possibility  of  a  riagnetoelecLric  effect  in  magnet  i- 
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cally  orderei  naterials.  Dzyalosht nskii  pedicted  the 
cx:st**nce  of  tho  effect  in  Cr-jO^.  The  electrically 

induced  effect  was  observed  by  Astrov^^  and  the  mac- 

!  1  . 

neticaliv  inducc-d  cffo-:t  by  Rwdo  arc  folen.'  More 
thin  thirty  compounds  h. jve  been  .subso^p.ient  1  y  observed 

to  exhibit  the  ragnetooioctric  effect.^  An  atomic 
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theory  of  the  effect  was  given  by  Radot 


A  reco^r.ieed  nef?d  :n  sup'i'rconduct  mg  electronics 
is  for  a  threv-torni  na!  ice  vit;i  transistor-liko 
cinaractcristics  as  well  as  ultra-lov  switching 
energies.  The  two-tormin.jl  niture  of  Joi-ephson 
devices  and  tho  resultant  difficulty  of  inpjt-output 
isolation  jnd  low  circuit  gain  have  made  for  dif¬ 
ficulties  in  the  use  uf  the  high  switching  speed  of 
Che  Josephsen  effect.  The  use  of  intorferor-.eters  in 
digital  circuits  has  provided  a  type  of  three-terminal 
operation,  but  at  the  expense  of  increased  size. 
Various  circuit'.  ’  -'iug  several  junctions  have  achi-.-ved 
a  degree  of  isclaticn  u-.ir.g  the  high  rosi st a.nce  of  a 
switched  junction.  A  r.uu.her  devicei-  have  bec’n 

reported  which  ire  b.i.*.-!  on  '.he  non«*qt: i  1  ^ brmm 

properties  of  sup'.-rci,ndi.ctor.-j.  ^  Those  u. elude 
o 

conducting  tran.sistors,  *'  controllable  w.-.ik  links 
(Chi  devices  b.ised  on  the  quas  j  pe.r  ?  i  cle  injec- 
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ti'.n  tunneling  effect  (QL'ITLHChS) ,  and  throe— terr.in.il 
devices  f  abrirat  using  sulnicron  tunneling 

junctions.^  All  of  th'''5'o  cievices  arc  b.i:ed  on  gap 
bijpp!  eosiii.'i  a.'id  arc  limited  by  inelastic  scattering 

times  which  are  typically  th*'  ordt-r  of  SO  pS.^ 


For  purposes  of  subsequcuii  discussion  it  is  use¬ 
ful  to  consi'ler  sono  sinple  .ispects  of  the 
phenomenological  theory.  If  tlie  thermodynamic  poten¬ 
tial  or  an  antiferrorognet  is  expanded  to  second  order- 
in  the  cofnpounts  of  the  electric  and  magnetic  fields, 
one  obtains 


F 


•<1.  ,E.H  .  +  F  ,  , 
ij  1  j  other 


(1) 


where  the  term  containing  the  magnetoelectric  suscep¬ 
tibility  a.  .  describes  tho  c-.-rgnetoelec  i  ri  c  effect  ai.c! 
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the  second  torn  contains  all  of  lire  otlier  terms.  Th.o 
Linstcin  sunmvatien  convention  is  used  in  the  above 
expression.  The  application  of  standard  thermoilynami*. 
relationships 


T  =  -3F/5-t  :  M  =  -3F/3H 


(2) 


then  yields  the  magnoloolcct rir  contributions  to  the 
polarization?^  and  magnetization  M 


P, 
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=  a  .  .il  . 

ij  J 


M, 


s  a  .11. 
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H<^re  we  ;'r'--''nt  th'-’  f':.*- epr  of  t  hrec-l'M  mi  nal 
Jouephnen  d-.-’..';  which  ca'i  :..r.e  gai'.  and  wjiich  is 

basf.d  'ui  *  h*;  i.'Mf  to-'l  ec  t  r  ;  c  effocC,^^  Bi’C.iuse  »he 
nnyu'-toel  r-c  r  r :  c  eff'.'Ct  r'-=ults  .v.u  .'■eccopual  1  y  frc.ri 
tin'  iwnn  1 1 ]  t  y  rpm-orbit  <.  i  r.g  ti^  «’l'Clrir  .irul 
r.r.’.netic  fid.l  ,  i*  r  iv  f.e.r  .  ‘lin.s  it  -  ly  be 

pf.'‘.'.ible  s'-itvi.  on  .!  iz/n-i ;  r  fi'-ld  thr  r.  te¬ 

net 'el -c  r  r  :  c  efl'.';  ;n  i  t;:’.'’  th(.‘  oru-u  c/f  IH  p'.' 

T!ie  "  ,  . . '.-'T  i.  -T  ^  -t 


Th,.-  liu'  ir  r  ic  eff-Tt  is  a  ;  m*  :.on 

in  wh-'-h  T  •■x::;!'!!:  in  lu-iu'-e’!  ‘■•.■v,-!  i  rat  i  e:i 

is  p  r  r  ;  3r  t  ;  c 1 1  :  t  an  a;.plj*’.{  rr;-  fi^-l  I  .ind 


The  symmetry  propcrtie.s  of  particular  compounds  arc 
then  needed  to  determine  wliich  terms  in  the  mag- 
nctoolcclric  tensor  a.  .  are  nonvnnishing.  These 

questions  are  considered  in  the  various  review  ar¬ 
ticles  a/ul  as  thev  arc  nol  e.5scntia]  to  the  purpose.'i> 
of  th.c  present  di  on ,  won't  be  treated  hero,  h't' 

also  will  not  consid'-r  tlv-  inieresiing  work,  on  the 
critical  l.f'h.ivior  of  llu'  mavnet  oo  loci  r  ie  su^ccn- 
tibilitv  tensor  element.;  in  i!-.c  virinitv  of  t.lio 
ant  i  f  f'l  ro'".'.gne:  i  c  ordt.  r  ;  ng  l  umpora t  uro  . 
n  14 

l.xp*T  r;c:u 'll  .in. I  i  rn'or  ot  ic a  1  work  has  shown  that 
the  critical  cxpoti'-n:  of  tho  tcmpoT.ilure  dopenilor.cc 

of  th-  n,j;:noT  o.‘ I , f  r  J  -t'ptihility  tonsor  olo-inr- 

1  luenticai  i'*.',  tho  crilital  oxporn  nt  of  the  ^tig- 
L’t  red  z  ionor  1 1  i«-'n  <)t  t !.'•  .int  3  f or ronacnct  ic.i  11  v 
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;  '  ‘  ’’  ;--v  *  ..ol'Tt  rir  Ffr--  t 

When  r-n  ''Ir-rtric  .'ii-ltl  i:.  rof^'.  n  rr.u*-- 

nPlO'-*  1  c<- 1.  r  j  c  ".rori  il,  .i  i /.ji  i'»ri  r|i  v«‘ .  ff  i 

■•ca  jaactioa  ;.in  h--  !  iNr  j  CiUl"!  with  a  tr.ai;- 
n<.-l  o-' l<,-c  i  r  i  c  b.ir:i»-r,  lb*:;  “nrli  t  irr-  it  was  swiich**'! 
fror.  X'To- .','1  b.r.;''  l>j  .1  fia.itc  nf  a  few  riV,  a 

maitneiir  ::mIJ  wali  b<‘  ;.r  liiael  in  t  barrier.  If 
Ihi:;  jtjnrr’of!  •-*  re  f  ra  n  i-e.l  h'-tueen  the  top  two 
electro. ies  -•'?*  a  thr  eo-o  I  <.r  t  r  oi!-.' ,  t.wo-harr  ier  ,  lianhle 
June  t  ion,  •  1 1  h  app:  opr  i  a  t  '•  1  •.  r  h  i  cr.  .•.)  perron-h:  tin.; 
gr<n»n’!  p'ar.es  to  dir-  -:  tl;e  flux  generate.i  tn  the 


lirat  jMnici  i«)ii  into  Ifii*  '  nei*  t,:;..  r;,..-:  i;r 

lieul  pi '^lu^■ell  by  the  lirst  ii'jii  (.oui  1  sairih 

seccjiul  !  rvn  l  tie  /.ert)-vo!;  r.-f  to  ira.’  i  .  :u  I a !  l 
stale.  If  the  lowei  jaact;  m  h  el  a  ihini’et  bimiT 
and  a  larger  critical  curr-.-ni  tnan  the  upp-r  <a:e,  »  hf  ;; 
the  resultant  t!ira*e-t  er"M  nal  d'.'vio.-  would  b-avc-  '.Miri, 

A  s(:ni?rrialir  of  the  projiosed  devjcc  is  shown  in  rig.  1. 
Ttiis  ilevi<-e  would  be  non  i  n  ver  t ;  ng  ,  at  lea.st  in  the 
sirnple  fo  nn  d«*scrib-‘d  hei'  .  Input-output  isoiation 
•would  follow  from  th  asyrr-etry  of  the  structuie.  The 
particiil<»r  magnetoeleci  r  iC  ma^Tial  use<l  m  the  bar¬ 
rier  would  have  to  posj^ess  nonvaii  i  sti  i  ng  off-diagonal 
coHipononi  s  of  the  susceptibility  tensor  so  that  an 
electric  field  applied  across  th''  junction  would 
resulL  in  a  iringnetic  field  at  right  angles  in  tb^- 
plane. 


DRIVE  MAGNETOELECTRIC 


Fig.  1.  Schenatic  of  proposed  three-tenninal  device. 

A  Josephson  device  with  a  rnagnctoelectric  barrier 
would  also  have  to  be  cooled  through  the  N?el  tenipe'a- 
turc  T\j  of  the  barrier  in  the  presence  of  a  nagnetic 

field  applied  in  the  plane  of  the  harrier  and  with 
voltage  applied  across  it  before  the  device  could  be 
operated  in  a  useful  way.  The  roa.snn  for  this  is  that 
the  magnitude  of  the  magnolool ectric  susceptibility 
depends  on  the  product  EH  of  ihe  electric  and  nacnetic 
fields  applied  to  the  material  while  it  is  being 
cooled  through  Tj^,.  Field  cooling,  or  magnetoelcctric 

annealing,  is  necessary  to  saturate  the  ant i ferromag¬ 
netic  material  in  a  particular  configuration.^  It  has 
been  found  that  without  annealing  the  magnitude  and 
sign  of  magnet.oelectric  susceptibility  vary  from 
sampl o-lo-sampie  and  from  measurement -lo-measurcinent 
with  the  icmporaLure  dependence  of  the  effect  remain¬ 
ing  the  same.  This  is  indicative  of  the  existence  of 
two  or  more  antifcrroniagnet  ic  domain;.?.  The  dif- 
foiences  in  measured  coefficients  are  evidently  causi'd 
bv  variationEi  in  the  relative  volumes  of  the  s.uLple 
ordered  in  the  different  con f i gurat i rns .  Mig- 
lu'loeleclMC  annealing  .saturates  a  given  nialeti.il  in  a 
paiti'~ular  conf  i  gum*  i  on ,  It  is  possible  thii  sv<- 
Lemal.ic  studies  of  the  magnetoelec  i  t  ic  su e[>:  i  h i  ]  i  t  v 
,is  a  Iiinrtion  of  differtuit  aiin-Mling  cunditiCcu?  rrieb.l 
ri'sult  in  an  iiurea:.('  in  niagnc't.n.’lert  rir  i,l(.clric 
rept  i  hi  *1 1 1  i  c-s  over  ciirienily  rep.)rt*‘<l  v.ilu<-s.  Ter 
instance.  In  the  ca.se  of  tht*  m.-igaet  oc'irr  t  r  ;  c  b.liavi«.r 

of  rare  earth  <ix>  h>  di  ii\ i  if  cn.-pi;;;:,  i  . ,  ^  t.-UcltJc 
l>reaFd«»wn  limited  rle.'  annealing  tenditint;:;  to  a  field 
of  4  kV/cn,  vinrii  in  tin.*  c  t>n !  i  .’m  r  1 1  i  on  f)f  a  iun'::;..n 
would  correspond  to  a  1.2  mV  bias  actoNS  a  3U  A 
barne;  .  The  nagnetic  field  u:  ed  in  the  anruMling 
proffss  was  onlv  H.  h'ali  (>:  the.se  nu"thefs  could 

be  easily  exc'’ed''‘d  in  the  proptoa-d  Ci'nf  j  gural  ion. 
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I  •  • !  V 


■iir.o  iO  iii-.r  il  s'-iichrs  L»j 

a  lim:.'  v->l’.a'.'o,  i  ■  i  al  a  .  !:!«.•:>»  for  a 

.-‘f  f  :r  iv'r.*.  i  o:  !''  in  u.r.!;,siaa  utitis  t  f.*.'  flax  wciid 

ir.is  vai:o  is  cloar’.y  too  sr.all  t  ■'  *ao  |)r.icl:cal.  Cn 

*  r.a  rltiar  h.ia!,  for  i  o;  1  x  I'.*  “  l  iio  tlu\  w.jal.i  ror- 
r*  '  ;  inu  ij  _  of  a  :i':x  i;i:a[Uiir  r.  r  a  1  c::: 
ju:,-:  ‘  i  w-:.  aaa  o:  a  i;.:ani’.;:i  f<>r  a  ju*vt:on  O.f’l  cm 

A.:,'.  Clv'.iilv  i:’."  for.'. or  ^aa;.:  bo  i  v*Ty  slov  vi*vic:e» 

i'.'r  to  bo  iL-’o;  bv  t:;--  a;;'liel  fi-'-M.  Qv.  li'.o  atlo-r 

.••.j'l.l,  if  t".--'  ••  1  ;n:'t 'ol-'ct  r  ;  ?  Co-- i  :  :  c  i  oat  •.vO-ji!  b-.-  la- 

j'jnctiua.--  rv-;.’.:t;  voly.  flux  w-uM  ‘ n.?  .anJ^O/O 

quanta  rospoc :  i  v*':  v .  Tb.o  torr.or  won!-.!  loacl  to  work¬ 
able  .r.nrpiii  rocu  i  ro'”.ont  s  on  tho  ^jocor.;'  •..•horoas  tho 
latter  ‘.m,>uLu  Iso  j.ooow.t'L  more  difficult.  In  oay 
event,  ail  of  the  cenf iciur-.it  lon.s  not  l.avln'u  strlno.ont 
m.nrt;in  req u i r  ooento  on  iho  second  junctiv.n  wojid 
S'-itcn  r'!.-lativoly  slowly  hociuso  uf  tiieir  Inr^o  areot*. 
unless  the  other  dimc'nsion  in  the  plane  could  be 
restricted  ’.‘rami:  ical  Iv.  L'rjfortunaioly  dt-creosine.  the 
thickness  of  the  ira'^notoel-’ccric  junction  to  increase 
rhe  electric  field  does  not  result  in  any  gain  in 
pericrnince.  A1  thoui-h  tl'.e  electric  field  increases 
linearly  '.s-.th  dc'cre\sing  thickr.fss  tf.o  flux  decrc.i.sos 
i:\  t!:e  sa:::e  r.jnner.  I  nc  re  .'.s  i  np  th.e  thickness  of  the 
r.'jyaetoelot  trie  junction  .ind  usii.q  a  1 1-rcf  ractery 
el'>'_trmr!.>:-.  -.vi:;,  n  hiyher  dr  bui.,  could  result  p*-rha;>r 
in  a  half  a;,  er-hr  o  r  •  .ma:;:!  i  l  uJo  in  the  flux*  af 

the  second 

Di  rcus;n  an 

The  oxtr^'rie  sr;n  1 1  tu’S'i  of  r  uttiol  oclct  t  r  i  c  coeffi¬ 
cient".  of  krioun  m.iterialr;  is  thus  st“'n  to  be  a  ma  jor 
ir.pcdi.meu  to  the  potential  usefulne.^s  of  the  prciposed 
t  hr  ec- 1 rrr.i  na  I  tlcvice.  Swiiciiing  with  a  sr.:s]l  mag¬ 
netic  field  req'Ji’'es  that,  tfie  secfjnd  junction  be 
bi.jsed  clo'v  t'j  iti>  criticjl  current  for  the  device  tc 
operat'--.  Tt  shouirl  h--.-  nuted  tliat  reported  mog- 
r.ol  0‘-] '.'f  i  r  1  c  coef  f  i  c  ;  ent  s  aie  f.ir  smaller  th:m  the 

t  heoret .  L  a  I  uppor  limit, Thus  systematic  nrtLori.tls 
ro.M'.ir'.ii  -  .i  eh!  r. I  yn  i  1  i e.ni'. 1 1  y  i;'.j)rovc’  the  prospects  t<»r 
making  u"<''ful  devices, 

.An  .ud'l ;  t  ;  e.'i.i  1  (7rohI''i  i  lit.il  llsre  hav»'  Lvo;i  no 
d'.'l  ' .  ! ‘'■n  "  a- 1.  •  s  t  h''*  tir*''  cem.lant  of  the  mne,- 

f,.a  Mc- ; .  r  •  r  .  -  It  wfi'.iil  iiave  to  be  v^tv  5dior  I 

f./r  the  ;  r ’'■I  '  (I  I--  [••ally  of  s  i  gni  f  i  r.i':-' e  in  su- 

.  ■r.-.'O'i  ,  :i’  ■■  1 '  '  f  ror;  :  "  ••• .  Tlui.s  .»n  o  v.i )  u.it  i  on  of  ike 

u  -fnir, o’  il'".ues  would  r'-ijuire  syi'.- 

-  iti:  or  th"  d-.’M.i.’ii  (  c*f  tlie  cffel, 

pr  •  - 1  or  .‘ih  i  .  n  the  \  icr.,  i  *  .n  f  i  our.i  t  i  on  , 

Tu*-  p’  I-!'"’,  of  f ,  i!ir  ;  f  nl  i  ny  rh”  pr '.»:-o--..-d  i!  rt;;  •  tit  ■  ■ 
IS  f.tr  Ir  'i  iri  vi-ni.  AIilKnrgh  th'uo  h.ive  1>»  *-»i  .'fin- 


ib'pir.*  >11  -  I  'b-  ;  j  I  n  i  ■  '  ■  :  :  h*  Mg- 

n»*t«--l---  :  r;*-  .v  pt-e.-.Uc  i  i  :tn  .i 

t  et  "i  1  n  1 1  •!»• .  i  ‘  o  w  ;  ’  n  1 ;  o-  -  .p ,ii  L  ■.  i.  a ta  -  i  -  \  ,  .  r,-. 

prop«>  t‘-i  -N.-v  I •  e  ,  :■!;  i*  oL  t  h.c  L'X*.  ori:  : r  a!  or  ; -.1 1  •. 

.level*;;  re*;o:r*.i,  r.i..r  hi'  c  ons  i  u- •  i  :  t  (y  a,- 

spec,  a  i  .1*  1 '.<•  aji.i  cottuinlv  c  jn'eaL'in  :  1  v  out'.id'  •>!  '  h.e 

.na  1  nst  r  ••  i' 1  i»r  thif./inq  in  t  .no  field  .ii  : j 
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:  :  c:r.  fitr.O!'  o  loc  l  ron- 'uu  ar  r*'-;  ist  i  ve  1  v  hoaicii 
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1 1 -'^r  lered .  :!o'!o..S-.  filrns 
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sbra.'  a  res i star,'.' a  •".iniTu-:  !  ■:!  do  not  becocio  conplctely 
su.:erco;*..ii:cL  ::'.2  as  prvparc.l,  l.’at.  do  after  reactive 
ann-aalin^.  rh'‘'Sc  ."ict.bo  i  •;  have  n«*»t  been  used  succcss- 
fuliy  to  torn  filns  b.'cau-.e  of  the  high 

vol  ai  i  I  i  t  V  and  Fhort  clv'Cll  t  ur.o  ol  Pb  on  the  substrate 


I.nt  rof}i;i~l  jnrt 

T!'c  original  invest  i  g.st  Ions  of  tern  try  Chevrcl 
phaso  conpounds  involved  tao  study  of  bulk  naterials 

prop. ‘red  citb."r  by  arc  melting  or  by  sinrering.  In 

2 

sen*'  1  n.'.t..!ncos  ?lngie  crystals  were  pr<  pared.  By  and 
Jar:'':*,  i.nve.sr  ic'U  ions  of  b  .lk  prop'-rr  i es  h.i'.c  con¬ 
cert  rat*jd  j'.i  fr.e  studv  of  t:n-i  ;-.u-:iyn..j::'.ic  properties  of 
m.iteri.als  such  as  the  specific  h'-'nt  and  suncep- 
tibility,  and  the  invest  igvir.  inn  of  the  electrical 

3 

reslat-ince  aid  its  magnetic  field  d(*p^!;dt. nee . 

Plfort.-.  at  the  prop  jr.'iL ;  (;n  of  Miin  film  sampl'-'s  are 
driven  hv  both  t  echno  J  og  i  <.  a  I  infl  scientific  needs.  In 
technolo''’y  there-  is  a  neo'l  too  prep.-ft'*  ductile  samples 
of  the  hi ga-cr i L j ca  1 -f le M  Chevrel  pha ?c  compoundr. 
v%liirh  miy  be  possible  by  df'jtns  j  t  in;;  those  miterinls 
onio  flexible  tape;-.  On  thf’  .^ciontific  side  ot  super¬ 
conductivity  cluTi.-  IS  a  n«.-e<l  t(.»  carry  out  quantitative 
t  j:'-.  ■ !  i  n'4  spec  l  r  o  jc  jpy  so  a.s  to  d'-termine  the  rr.e- 
h  i'  i.  n  of  -  rcondue 1  V  1 1 y  in  those  materials  and  the 
r.-it'ire  uf  th.  ’  inlerp]  ly  f:'-iv.i>o!i  miipietism  and  sjper- 
C'c,!  V-.  r  ;  V 1 1  V  i'l  ih'O-'.'  ro"po'i:rl-;  con'.nrnng  rare  earth 
■-.•urh  ,ir  ‘  IS  i  con>'*-;uen<  either  fen  on:ap, not  u 
o."  ill  t ,  1  ;  :  e- .r.’n'’t  1  c  n:  lou  te”:ru*ri*  ur'*s  .  Thin  film 

pit  c  •  -  po'j'.d  i  h.  JVC  proparod  using  -put- 

'■  t  ir?,,  inn  I  r;  t 'll,.  1,1  e  of  ('n  ^  i,*,*  vneu-i:'; 
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Klims  i!"  pr-. pared  in  i  dil-  u  1  *.  r  i-hi-'.’i 
.system  ei;uipp-  -l  w.i:,  tuo  •  !  ren-s  - j-;  sp  a  a 

sources,  a  Knud-«-'n  cell  uh.ich  -.tr'.’-s  i.-  a  :/  . 


bcMm  source  r r  b  v.iuor  and  a  re^: 
source.  Ihc-  v.icuun  system  :s  oqui 
ion  pump  and  a  Vjr:an  ^^-ll^  serie.s 
-S  -9 
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.e,.  ;  ^  e  I  y  ;  ^  t '  e  d 
p;'L-a  .1 

hcTiuo  crvi-p'.- 


Base  pres^ur*"  in  the  10  to  U'*  T<a  t  rar.ge  ire 
readily  achic'.ed.  Prvusure^  during  Jepo  iti-.-n  in 
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ing  S  vapor  'sre  ir.  the  10  to  10  "  To:r  rnng*’. 
vacuum  s>i»  cm,  vha.;:  is  in  :  a  g .  I,  Is  nl'^o 

equipped  uitn  c-irpl-.*  in'-crticn  c ri.si.bf-r  an.  a 
lock  which  p*.;rmics  subs:  ra :  .''s  (o  ‘ran-, furred  : 
out  of  Che  depc?:t:or.  th.*.;.b-.-r  rep/rocesb::'. 

entire  vacuum  svstOT.  , 


e  '  g 


_ _ 


r-  i-^.  i. 


Scher.iLic  -if  the  cvapetatun  apparatn*^. 
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:ion  as  ^.o:  .i*  sallar  r.ollocl.-v  'n  ‘  :io  insulators. 
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heal  tf.o  hi  oh.-v..M  :  a'.f 
e  loot  ran  bo. in  saarvsa 
:ion  as  sal  bar 


A  sov  loaiure  a:  tl'.o  ohorat  :  on  tno  system  :s 
the  uru^ao  ovaporat  lun  rale  rionitorina  an>l  control 
.=ivsLen.  F'.a.ch  sourro  is  nijii  i  ii'rol  vi’.h  a  col  1  invited 
c rv-'t  1  i  -  osc  1  I  1 .1 1  jf  t h  1  c snoss  ra'.- e  t r  .insJutcr  .  Rather 
Lhv'in  ir.t' 1  v-ont  I  a  4  !.h:.o  inJopondonl  PTD  control  loops 
for  Lb.o  throe  sourao.s,  one  loop  i  =i  ur;ed  to  control  the 
S  oven  t-r-.nporvirare,  Tlic  rate  sot-points  used  '.o 
ilotornira.'  ft-'  ^rr-'T  signal.--  for  the  t’.-o  -’otalltc 
source  control  lo''rs  .aro  iluei  o.il rul.if'd  r t i nuou..  1  y 
throughout  the-  ran  from  the  rcsisnred  suMur  dope.::  t  -  on 
r.'itc.  Iho  conpu'or  soituare  ia  also  arranged  to  ig¬ 
nore  mo.nentary  cxCvirs.ior.s  of  the  ncasu:*ed  rate  caused 
by  any  eiectrirai  transients  eennratel  in  the  evnpora- 
Cicn  process,  althoi:g'h  careful  filtering  has  ninixinod 
this  prohlen. 

The  films  are  characturi^od  by  X-ray  diffraction, 
scanning  electron  microscopy  and  Auger  electron 
spoctrcscopy .  X-ray  data  arc  obtained  with  a  diffrac¬ 
tometer  usii'.g  radiation.  Auger  spectroscopy  is 

carried  out  using  a  Phi  Model  5^7  and  selecting  higher 
energy  peaks  for  anal ysi  5:.  .Mere  we  will  show  typical 
X-ray  data  and  R(T)  data  for  CuMo.S^  and  HoMo^Sg, 

fil.ms,  which  are  a  high-field  material  and  a  ferromag¬ 
netic  superconduci  or  w'.iich  roonturs  the  normal  state. 

Fxh^r  i  men  1 1 1  R  •'sul  t  r 

o 

In  Fig.  2  wc  show  the  X-ray  spectrum  of  a  ^500  A 


f:-.*o  .Mo.  It  dip'j--i  tod  If  i  -.uhs' rat  < 
<jI  ^l\  ratr  lu  h-- 

A/si»con«l.  In  Fj'4,  I  ue  srif'W  iis  ro-.  1  st  i  vr>  1  • 
rinK'd  suptM  C'Vnducl  i  ng  t  Tvin.^i  i  :  <j:'.  .  I  ho  w  1  -I; M 
tr.insiLion,  .v -i  d'.-f  itic-<l  by  tli-.*  t -.miH-raturc 
0.1  .iml  0.9  dX  only  0.3  implying  ! 
film  is  a  verv 


T(K) 

Fig.  3.  R(T)  for  the  CuMo^Sg  film  of  Fig.  3. 

homogiinoous  s|>.'ci:r.cfi  of  Cu.Mo^S^.  The  perpeririicular 
critic.ll  field  no.jr  was  fcur.d  to  be  1.6  T/K,  a 

value  close  to  th.Tt  of  bulk  ic-t  i  al . 

In  Fig.  i  we  show  the  X-rav  pjttcin  of  a  MoMo^S 

O 

film,  also  deposited  nr  a  rote  of  3  A/?ccond,  and 
which  is  apprvivini.i! ely  the  sine  tliicknos.s  as  the 
CuMo.S;,  film  (ic.scribcri  .ibovc.  The  plot  of  S(T)  is 
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.\-r.:v  ini‘':isitv  lit  ir  i  blr.irv  units  vs.  2  for  a  ;  filr.,  as  promi^*'. 

0  3  '  ■ 


shown  in  iit. 
prop.irC'i 
iiucLivity  nr,.l 


ihat  iho  as- 
int  su.'i-rcon- 

^  o 

'  •  ?0(n:^-'15K^ 


about  unity.  Tho  filn  \>  is  ihon  rcturnf-*:  to  ihe  vacuo*:: 
syst'/*n  anu  annculc!  :?r  .sJi  iionr  SbO^C  in  the 
presence  of  a  flux  of  sulfur  vupur  i<!eniical  to  rh.it 
used  durir.;;  the  origin  il  dei- 'vsn.  ion.  The  resistivity 
ratio  then  rose  to  2  and  reentrant  .'.uji-rrondurtivity 
was  observed.  A  sub.'-c c-nnealin^  for  an  aUii- 
tional  two  nours  ur.d'T  the  sa”e  coraiitions  resuiied  in 


a  further  reduct  i'.n  of  th-o  roon  temperature  resistaiiue 
and  an  incrva:-.--  of  the  resistivity  ratio  to  tho  or<ler 
of  3.  In  this  instance  reoiit i  .iiiL  behavior  was  not  ob¬ 
served  in  xeru  rM’TiC'tii;  rj>*;d.  In  a  field  of  a  few 
hundred  C.  lU:.  ^  th  -  ren  :  .'t.j-re  wis  ohservorj  to  jncrcace 


towirds  tne  low  cn-l  of  tlie  obtiifuiblc  temperaiisre 
rnnite  '-.uyufst  i;:  ’  th.al  tho  finii  anncnlinr,  steps  s^’TVed 

to  lower  r  ,,  wliich  is 
c2 


the  to**;erature  at  which  the  material  reenters  the 
normal  state.  Further  .‘Studies  at  lower  tonperaturos 
vili  b?  required  to  determine  in  det.;il  the  effect  of 
the  final  annealing  step.  Tho  rtswlis,  os  we  have 
interpreted  them,  are  consistent  with  work  on  ErHh^B^ 

in  which  T^-j  of  poJ  ycrysta  1 3  i ne  samples,  both  bulk  and 

thin-film  was  consistently  higher  than  that  of  single 
crystals.  If  tho  annenling  process  results  in  the 
growth  of  lai  ae  rryst.ii  1  i  tes  of  IleMo^Sg,  a  sinilar 

reduction  of  T  -  night  he  eypretod. 

t2  ^  ' 

P:  rrussion 

Those  results  are  presented  to  demor.«;t rate  the 
vci  s.it  i  lity  of  th.o  appaiatu>-  used  to  prepare  thin  film 
Chevrel  phase  corpouruis.  Ad jujUinent  of  tho  evapora¬ 
tion  p.irameteis  is  guided  by  observation  of  the 
impurity  phases  pre^ani  in  i^ach  film  nnd  their  rela¬ 
tive  stabilities.  Thun  in  the  case  of  FbMo^Sg  we  were 

not  successful  as  I'h  is  very  volatile  and  has  a  very 
short  dwell  line  on  the  substr.ile  at  high  temperatures 
as  shown  by  ilie  abs*'nse  of  any  Fb  or  I’h-bas-.’d  phases 
in  the  as-.h'po  ; i  t  e*!  filnr. .  The  an’UMling  piocoss 
which  w.Ks  use!  to  pioduce  roenlrau:  lioMo^S^,  is  poten¬ 
tially  verv  useful  lu  preparing  tn.-se  ntaterials  in  a 
muiiier  or»:e  istenl  v>ir!s  f  a  li  r  i  c .  i  f  i 'le  higli  qu.ilitv  lur- 
neliHi;  junctnui,,  lu.  <o?>i:asi  *  i  i  :i  i'iovmh;-.  wv-rk  m 
wijH  J»  ii  wj.'.  ;e  <  <‘s.sjrv  to  ainu  1 1  I  hi'  fil.rs,  e  f  h»'r  to 
pnelure  the  r  o:  t  O'  t  phis-'  or  (onlril  I  lie  surl.ue,  the 
anne.i  1  I  u  •  h*  r-'  t  '•  <  i:  I  .  '  out  in  ui  i  uu  >  r.  ui'  i  u  ’  .  .  "i- 

patlhi-'  WiTh  •:5I'^  •  '•’.•Ul  lo  Ir.{-  t  ■  ;  1 1 ' '  •  •  !  1  n  - 


Submitted  to  J.  Vac.  Sci.  Technol.  A 
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C.  An  Evaporation  System  for  the  Preparation 
of  Ternary  Compounds* 


R.  J.  Webb**  and  A.  M.  Goldman 
School  of  Physics  and  Astronomy 
University  of  Minnesota 
Minneapolis,  MN  55455,  USA 


Abstract 

A  computer-controlled  high  vacuum  evaporation  system  has  been  con¬ 
structed  for  the  fabrication  of  ternary  compounds  such  as  the  Chevrel  phase 
materials.  The  latter  are  formed  on  a  substrate  held  at  high  temperatures 
with  the  constituent  elements  being  deposited  from  some  combination  of 
electron  beam  sources,  resistively  heated  Langmuir  sources  and  Knudsen 
sources.  Unique  features  of  the  system  include  the  techniques  employed  to 
handle  sulfur  in  a  high  vacuum  environment,  and  the  monitoring  and  control 
system  used  to  ensure  the  formation  of  stoichiometric  compounds  with  a  high 
degree  of  compositional  uniformity. 


*  Supported  in  part  by  the  ONR  under  contract  NOOOl 4-78-061 9 
**Present  address:  3M  Company,  St.  Paul,  MN 
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I.  Introduction 

The  preparation  of  superconducting  compounds  in  the  form  of  thin  films 

is  motivated  in  part  by  the  relative  ease  of  characterizing  the  macroscopic 

superconducting  properties  of  materials  in  the  form  of  thin  films,  and  the 

possibility  of  studying  microscopic  properties  using  electron  tunneling 

techniques.  By  and  large  the  technology  of  forming  binary  superconducting 

compounds  such  as  the  A1 5  compounds  using  sputtering^  or  electron  beam  co- 

2 

evaporation  techniques  is  well  developed.  The  study  of  these  materials  is 
now  in  a  highly  quantitative  phase.  On  the  other  hand,  the  investigation  of 
the  superconductivity  of  thin  films  of  ternary  superconducting  compounds  such 
as  the  Chevrel  phase  materials  is  far  less  developed  because  of  the  dif¬ 
ficulties  of  preparing  high-quality  samples  of  controlled  composition  and 

4 

microstructure.  Chevrel  phase  materials  which  are  of  interest  in  supercon¬ 
ductivity  are  of  the  form  MMogSg  where  M  is  a  metal  ion.  These  compounds  can 
also  be  formed  with  Se  replacing  S  and  depending  upon  M  the  compounds  are 
either  high-critical-field  superconductors,  magnetic  superconductors,  or  mag¬ 
netic  compounds. 

The  fabrication  of  thin  films  of  the  Chevrel  phase  compounds  containing 
sulfur  as  a  constituent,  is  particularly  difficult  as  a  result  of  the  essen¬ 
tial  incompatibility  of  sulfur  with  the  ultra-high  vacuum  environment  needed 
to  prepare  high  quality  films.  Some  progress  has  been  made  in  the  preparation 

of  either  these  materials  employing  sputtering  techniques  using  compound 

5  4 

targets  or  by  reactive  coevaporation  techniques,  together  with  annealing  in 

a  sulfur  atmosphere.  However,  these  methods  appear  not  to  be  totally  com¬ 
patible  with  the  surface  processing  requirements  for  the  fabrication  of 
tunneling  junctions.^  It  is  with  the  latter  in  mind  that  we  have  developed 
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the  system  described  below.  As  many  of  the  features  of  the  system  involve 
standard  technology,  this  discussion,  in  addition  to  providing  an  overview, 
will  concentrate  on  the  unique  features  of  the  apparatus  which  contribute  sig¬ 
nificantly  to  its  success  in  the  fabrication  of  Chevrel  phase  compounds.  In 
Section  II  we  will  describe  the  vacuum  system.  Section  III  will  be  concerned 
with  the  substrate  mounting  and  heating.  Section  IV  will  treat  the  evapora¬ 
tion  sources,  concentrating  on  the  special  Knudsen  source  developed  for  the 
deposition  of  sulfur.  Section  V  will  contain  a  discussion  of  rate  monitoring 
and  Section  VI  v/i 1 1  treat  the  problem  of  process  control.  The  last  section 
will  contain  a  discussion  of  results  and  of  an  annealing  technique  which  ap¬ 
pears  to  be  highly  successful. 

II.  Vacuum  System 

The  substrates,  evaporation  sources,  and  rate  monitors  are  contained 
within  an  ultra-high  vacuum  chamber,  the  components  of  which  are  shown 
schematically  in  Fig.  1.  This  main  chamber  is  pumped  by  a  Varian  VK-12 
closed-cycle,  helium-refrigerated  cryo-pump,  with  a  speed  of  1000  liters  per 
second.  In  addition,  there  are  ion  pumps  with  a  combined  speed  of  400  liters 
per  second.  The  chamber  is  lined  with  a  thin-walled  stainless  steel  shroud, 
which  is  filled  with  liquid  nitrogen  during  the  evaporation,  in  order  to 
provide  extra  pumping  and  to  capture  stray  evaporant.  The  chamber  is  also 
fitted  with  heating  collars  which  allow  it  to  be  baked  at  a  temperature  of  ap¬ 
proximately  IBO^C, 

A  separately  pumped  antechamber  is  attached  to  the  main  chamber,  via  a 
gate  valve,  and  is  used  to  change  substrates  between  evaporations.  This  an¬ 
techamber  precludes  the  necessity  of  opening  the  main  chamber  to  atmosphere 


between  runs.  Using  the  antechamber,  changing  the  substrates  takes  about  one 

_g 

hour,  and  background  pressures  before  a  run  are  typically  about  5  x  10  torr. 

III.  Substrate  Mounting  and  Heating 

The  evaporant  materials  are  deposited  onto  single  crystal  Al^O^  sub¬ 
strates  which  are  polished  so  as  to  be  scratch  free  on  one  side  when  examined 
in  a  microscope  with  a  magnification  of  70X.  The  substrates  are  2.54  cm  by 
0.625  cm  by  0.05  cm  thick,  and  are  oriented  with  the  c-axis  in  the  plane  which 
ensures  that  no  substrate  lines  appear  in  an  X-ray  diffractometer  scan.  The 
objective  in  designing  a  substrate  holder  is  to  be  able  to  measure  the  sub¬ 
strate  surface  temperature  while  thermally  insulating  the  substrates  from  the 
rest  of  the  apparatus.  The  holder  must  also  have  the  capability  of  heating 
the  substrates  to  high  temperatures  during  a  deposition.  It  is  also  necessary 
for  the  substrate  holder  to  be  compatible  with  a  substrate  changer  with  which 
insertion  and  removal  from  the  vacuum  system  is  accomplished. 

The  substrate  holder  is  shown  in  Fig.  2.  It  consists  of  a  stainless 
steel  frame  with  a  thin  niobium  bottom  which  holds  the  substrates.  When  in 
place,  inside  the  main  chamber,  it  is  sandwiched  between  two  boron  nitride 
insulators.  The  top  insulator  separates  the  steel  holder  from  the  heater 
block,  while  the  bottom  one  has  the  film  masking  pattern  cut  into  it.  The 
substrates  are  heated  radiatively  by  the  niobium  block  to  temperatures  between 
700  and  1100°C.  The  block  itself  is  heated  by  filaments  which  run  through  it. 

The  holder  has  an  ear  which  mates  to  spring  clip  on  the  end  of  a 
magnetically-coupled,  linear-motion  feedthrough,  used  to  insert  and  withdraw 
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the  substrates  from  the  main  chamber.  An  indexing  hole  in  the  holder  is  en¬ 
gaged  when  the  heater  block  is  lowered.  This  positions  the  substrates 
relative  to  the  mask  disc.  This  feature  is  especially  important  for  multiple 
processing,  such  as  fabricating  tunneling  junctions. 

Using  the  above-described  substrate  changing  apparatus,  it  is  not  pos¬ 
sible  to  have  a  thermocouple  attached  directly  to  the  substrate  which  is  the 
optimum  way  to  measure  substrate  temperature.  The  thermocouple  is,  instead, 
supported  in  an  alumina  tube  which  presses  it  against  the  substrate  surface. 
This  method  is  susceptible  to  errors  due  to  uneven  contact  pressure  and  con¬ 
duction  losses  through  the  support  arm.  A  non-contact,  optical  sei.sor  will  be 
installed  in  the  future.  An  optical  sensor  should  give  a  more  accurate  tem¬ 
perature  reading  as  it  does  not  rely  on  a  pressure  contact  and  will  not  suffer 
conductive  losses. 

IV.  Evaporation  Sources 

There  are  four  evaporation  sources  mounted  in  the  main  chamber,  one 
four-hearth  electron  gun,  a  single  hearth  electron  gun,  a  resistively  heated 
dimpled  tungsten  boat  and  a  molecular  beam  oven. 

The  molecular  beam  oven  provides  a  clean,  well  controlled  mechanism  for 
handling  sulfur  in  the  ultra-high  vacuum  environment.  It  consists  of  a 
central  crucible,  mode  of  copper,  which  is  supported  inside  a  copper  water 
jacket  by  four  thermoelectric  heating  elements.  The  water  jacket  is  fed  by  a 
closed-cycle  heating  and  cooling  unit  which  is  temperature  controlled  at  all 
times.  The  jacket  protects  the  crucible  from  radiative  heating  by  the  other 
sources,  and  is  also  used  to  bring  it  up  to  a  quiescent  temperature  of  about 


80°C  prior  to  a  run.  When  the  oven  reaches  this  temperature,  the  ther¬ 
moelectric  heaters  are  activated  to  further  v/arm  the  crucible  to  its  operating 
point,  typically  between  100  and  108°C.  The  power  to  the  thermoelectric 
heaters  is  adjusted  in  order  to  control  this  temperature  precisely.  The  tem¬ 
perature  of  the  crucible  is  measured  by  a  platinum  resistance  thermometer 
affixed  to  it  with  Torr-seal  epoxy.  All  copper  parts  of  the  oven  are  gold 
plated  to  prevent  attack  by  the  sulfur. 

Because  the  oven  is  a  Knudsen  cell  or  molecular  beam  oven,^  it  provides 
a  well  controlled  stream  of  evaporant  directed  at  the  substrates.  This  fea¬ 
ture  precludes  the  necessity  of  having  a  high  partial  pressure  of  sulfur  in 
the  system,  which  is  advantageous  both  from  the  standpoint  of  cleanliness,  and 
because  excess  sulfur  can  cause  operating  problems  for  the  electron  gun 
sources. 

There  are  two  electron  beam  sources  in  the  system.  A  single  crucible 
electron  beam  source  and  a  four-hearth  source.  One  of  the  four  crucibles  of 
the  latter  is  in  use  at  any  given  time,  and  they  can  be  switched  without 
breaking  vacuum.  This  allov/s,  for  example,  using  one  crucible  to  evaporate  a 
constituent  of  the  Chevrel  phase,  and  then  using  another  to  evaporate  the  bar¬ 
rier  material  for  a  tunneling  junction.  These  electron  beam  sources  are 
powered  by  an  Airco  model  CV-14  14  kW  power  supply.  Electromagnets  in  the 
sources  can  be  coupled  to  an  oscillator  and  programmable  power  supply  to 
raster  the  beam.  This  is  necessary  when  evaporating  a  refractory  metal  sucli 
as  molybdenum  at  a  low  rate  in  order  to  prevent  local  melting  of  the  pellet, 
which  will  eventually  cause  a  hole  to  form  in  the  charge.  This  hole  col¬ 
limates  the  evaporant  stream,  thus  changing  the  distribution  r  '  evaporated 
material  in  an  uncontrolled  manner. 


As  mentioned  previously,  sulfur  in  the  system  can  cause  operating 
problems  for  the  electron  beam  sources.  These  problems  arise  because  sulfur 
deposits  on  the  insulators  of  the  high  voltage  gun  filament  feedthroughs,  and 
causes  them  to  arc.  This  problem  has  been  eliminated  by  keeping  the 
feedthroughs  v/arm  at  all  times,  thus  causing  any  sulfur  which  is  deposited  to 
desorb  immediately. 

In  the  present  mode  of  operation,  the  electron  beam  sources  are  used  to 
evaporate  the  metallic  constituents  of  the  Chevrel  phase  materials.  These 
sources  can  also  he  used  to  evaporate  insulators,  such  as  Al^O^,  which  may  be 
necessary  for  the  in-situ  fabrication  of  tunneling  junctions. 

The  fourth  source  is  a  Langrruir,  or  open  source,  which  is  a  resistively 
heated,  dimpled  boat  made  of  either  tungsten  or  tantulum.  This  source,  which 
is  powered  by  an  Airco  model  CR-4  SCR  controller  and  transformer,  is  used  for 
evaporating  materials,  such  as  holmium,  which  sublime  at  a  fairly  low 
temperature.  The  boat  heats  the  entire  charge  evenly,  as  opposed  to  the 
electron  beam  sources  which  heat  the  charge  locally. 

V.  Rate  Monitors 

The  deposition  rate  from  each  source  is  measured  by  a  standard  quartz 
crystal  rate  monitor.  Each  monitor  has  also  been  calibrated  by  carrying  out  a 
test  evaporation  and  measuring  the  deposited  thickness  at  the  substrates  using 
either  an  interferometer  or  profilometer  to  determine  a  correction  factor. 

The  crystals  have  a  finite  lifetime.  When  material  has  been  deposited 
to  a  sufficient  thickness,  the  oscillations  become  damped  or  "hop"  between 
different  modes.  This  limitation  was  a  factor  in  the  operation  of  the  sulfur 
molecular  beam  oven.  In  practice,  the  oven  is  pre-heated  for  approximately 


two  hours  prior  to  a  run  in  order  to  stabilize  the  sulfur  evaporation  rate. 
This  soak  time,  coupled  with  the  necessary  high  sulfur  evaporation  rate,  loads 
the  crystal  to  near  its  limit  in  a  single  run.  To  get  around  this  problem, 
the  sulfur  monitor  is  fitted  with  a  nichrome  wire  heater  which  warms  the 
holder  between  runs  and  causes  the  sulfur  on  the  crystal  to  desorb,  returning 
it  to  its  original  condition. 

During  the  course  of  an  evaporation  the  crystals  are  maintained  at  a 
constant  temperature  by  water  circulated  through  lines  which  are  silver- 
soldered  to  the  holders.  Because  of  the  particular  cut  of  quartz  used  in 
these  crystals,  the  characteristic  frequency  of  the  crystals  does  not  change 
appreciably  with  temperature  in  the  region  from  0  to  65  °F,  Therefore, 
chilled  tap  water  is  adequate  for  temperature  control. 

A  unique  feature  of  the  present  system  is  that  each  crystal  monitor  is 
fitted  with  a  "snout"  aimed  at  the  particular  source  being  monitored.  This 
snout  helps  prevent  cross-talk  between  the  sources,  therefore  ensuring  inde¬ 
pendent  control  of  the  individual  evaporation  rates. 

The  electrical  connection  from  the  crystal  holders  to  the  feedthroughs 
on  the  vacuum  chamber  is  made  via  a  teflon  insulated  conductor  which  is  doubly 
shielded  with  copper  braid.  This  shielding  is  necessary  to  prevent  inter¬ 
ference  from  rf  emission  during  the  operation  of  the  electron  beam  sources. 
These  lines  are  also  filtered  externally  with  1  pH  inductors  to  block  high 
frequency  noise. 

yi.  Evaporation  Process  Control 

The  evaporation  rates  from  each  source  are  monitored  and  controlled  by  a 
NOVA-1200  compatible  mini-computer.  It  is  planned  to  replace  this  fairly 
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elaborate  system  with  a  personal  computer  with  appropriate  interfaces  in  the 
near  future.  The  control  program  is  written  in  BASIC  and  uses  a  simple 

g 

proportional-i ntegro-di fferential  algorithm 
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source  in  use,  the  material  being  evaporated,  and  the  desired  evaporation 
rate.  The  optimum  parameters  are  determined  by  observing  the  source  control 
voltage  as  the  computer  executes  a  step  change  in  the  evaporation  rate.  The 
proper  parameters  are  those  which  execute  the  change  in  the  least  amount  of 
time,  with  a  minimum  amount  of  overshoot,  and  without  driving  the  control 
voltage  into  oscillation.  Typical  sets  of  loop  parameters  for  a  variety  of 
materials  and  sources  are  given  in  Table  1. 

The  computer  performs  several  different  functions  during  the  course  of 
an  evaporation.  The  sequence  of  steps  performed  depends  on  the  type  of 
source.  The  electron  beam  and  resistive  boat  sources  require  three  segments 
of  control.  During  the  first  segment,  the  source  power  is  increased  slowly  up 
to  a  pre-determi ned  level.  This  warms  the  evaporant  material  and  allov/s  it  to 
outgas  in  a  controlled  way,  thus  preventing  large  pressure  excursions.  The 
second  segment  maintains  the  source  power  at  this  level  for  a  set  time.  The 
source  material  is  warmed  evenly  throughout,  and  its  evaporation  rate  becomes 
stable.  At  this  point,  the  computer  shifts  to  "rate  mode"  and,  from  then  on, 
controls  the  evaporation  rate  with  the  rate  monitor  and  the  above  algorithm. 

Control  of  the  sulfur  oven  is  accomplished  by  using  the  crucible  tem¬ 
perature  to  determine  the  operating  point.  The  deposition  rate  from  the 
sulfur  oven  is  monitored  at  all  times  as  it  may  change  from  run  to  run,  even 
if  the  crucible  is  at  the  same  temperature.  This  occurs  because  the  sulfur  is 
in  granular  form  and  the  heat  distribution  is  not  constant  throughout  the 
charge.  The  capability  of  controlling  the  sulfur  oven  by  its  evaporation  rate 
has  been  built  into  the  control  program,  but  it  is  not  used  because  of  the 
slow  response  time  of  the  oven. 
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The  control  program  is  configured  to  operate  in  either  of  the  two  modes. 
In  the  first  mode  tlie  desired  deposition  rates  from  each  source  are  pre-set 
and  the  program  controls  each  source  independently.  Because  of  the  oven 
response  time  limitation,  a  second  mode  is  used,  whereby  the  oven  is  first 
warmed  to  its  operating  point.  The  program  then  averages  over  the  five 
preceding  sulfur  rates  to  determine  rate  from  which  the  rates  required  of  the 
other  sources  are  calculated.  This  calculation  is  performed  continuously  and 
maintains  the  relative  composition  of  the  evaporant  stream,  despite  shifts  in 
the  sulfur  rate.  This  feature  helps  to  ensure  compositional  uniformity 
throughout  the  deposited  film.  The  computer  also  prints  out  the  individual 
rates  every  three  seconds  as  the  run  progresses. 

An  important  feature  of  the  control  program  is  that  it  limits  the  range 
of  possible  rate  readings  from  each  source.  The  program  ignores  spurious  rate 
readings  above  a  given  value  and  any  negative  readings.  These  readings  can  be 
induced  by  interference  from  the  electron  beam  sources.  The  output  lines  from 
the  computer  to  the  electron  beam  power  supply  are  also  filtered  to  minimize 
interference.  These  filters,  plus  those  on  the  rate  monitor  lines,  have  been 
completely  effective  in  stopping  unexpected  halts  in  the  execution  of  the  con¬ 
trol  program  which  had  been  observed  prior  to  their  installation. 

O 

The  system  has  been  operated  with  overall  rates  the  order  of  3  to  10  A 
oer  second,  or  essentially  one  layer  of  unit  cells  of  the  Chevrel  phase  com¬ 
pound  per  second.  The  gate  time,  the  time  during  which  the  rate  monitors 
count,  is  one  second.  Therefore,  any  short  term  fluctuations  in  the  rates  are 
averaged  over  one  layer  of  unit  cells. 

This  method  of  using  a  slow  overall  rate  and  carefully  controlling  the 
relative  amounts  of  material  deposited  is  in  contrast  to  the  technique 
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employed  by  Hanmond  in  fabricating  A15  conpounds.  That  technique  relies  on 

O 

high  evaporation  rates,  100  to  200  A  per  second,  and  fast  control,  which  is 
necessary  because  of  fluctuations  in  the  rate  created  by  turbulence  in  the 
molten  charge  materials.  These  fluctuations  may  lead  to  inhomogeneity  in  the 
composition  of  the  samples.  This  problem  in  the  present  instance  is  avoided 
by  evaporating  at  a  slow  rate  because  the  charge  material  remains  stable. 
Another  advantage  of  using  a  slow  rate  is  that  because  the  constituents  react 
at  the  surface,  bulk  diffusion  is  not  required  to  ensure  sample  homogeneity. 

Perhaps  one  of  the  most  important  features  of  the  present  system  is  its 
cleanliness,  which  is  necessary  for  producing  consistently  high  quality 
Chevrel  phase  materials.  An  estimate  of  the  number  of  impurity  atoms  incor¬ 
porated  into  a  film  can  be  made  from  simple  kinetic  theory.  The  number  of 
atoms  impinging  on  a  surface  is  given  by 

N  =  p/v^™irr  (5) 

_g 

At  an  operating  pressure  of  5  x  10  Torr,  and  an  overall  evaporation  rate  of 

O 

10  A  per  second,  the  above  expression  leads  to  an  impurity  of  about  .05%, 
which  is  lower  than  that  of  most  starting  materials.  Because  of  this,  it  is 
not  necessary  to  rely  on  a  high  evaporation  rate  to  produce  clean  samples. 


VII.  Results  and  Discussion 

It  is  first  useful  to  summarize  the  unique  aspects  of  this  deposition 

system  and  its  use  in  the  preparation  of  ternary  compounds.  In  contrast  with 

4 

previous  attempts  to  fabricate  Chevrel  phase  compounds  by  coevaporation  tech¬ 
niques,  sulfur  vapor  is  projected  at  the  substrate  using  the  molecular  beam 

source  rather  than  by  bleeding  high  purity  H^S  or  hot  S  gas  into  the  system, 

-  3 

raising  the  pressure  to  the  order  of  1C-  Torr.  The  flux  of  sulfur  incident  on 
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the  substrate  is  the  primary  control  parameter  in  determining  the  rate  of  for¬ 
mation  of  the  films.  Great  care  is  taken  to  minimize  the  contami nati rg  of 
effects  of  sulfur  in  the  vacuum  chamber.  The  exterior  of  the  molecular  beam 
oven  and  a  shroud  around  its  orifice  are  both  cooled  so  that  any  sulfur  vapor 
emitted  from  the  oven,  even  when  it  is  at  ambient  temperature,  is  not  scat¬ 
tered  about  the  interior  of  the  stainless  steel  bell  jar.  Nevertheless,  it 
was  found  necessary  to  heat  the  high-voltage  vacuum  feedthroughs  of  the 
electron  beam  sources  to  prevent  arcing  during  deposition  as  seme  sulfur  col¬ 
lects  on  the  insulators. 

A  key  feature  of  the  operation  of  the  system  is  the  unique  evaporation 
rate  monitoring  and  control  system.  Each  source  is  monitored  with  a  col¬ 
limated  crystal-oscillator  thickness  rate  transducer.  The  computer  software 
is  also  arranged  to  ignore  momentary  excursions  of  the  measured  rate  caused  by 
any  electrical  transients  generated  in  the  evaporation  process,  a  necessary 
step  even  though  careful  filtering  has  been  carried  out  to  minimize  the 
problem. 

We  now  discuss  representative  results  obtained  using  this  system.  'n 

O 

Fig.  3  we  show  the  X-ray  spectrum  of  a  4500  A  thick  Cu^MogSg  film.  As  can  be 
seen,  this  film  is  nearly  single  phase  with  only  traces  of  MoS^  and  free  Mo. 

It  was  deposited  at  a  substrate  temperature  of  800°C  on  an  overall  rate  es- 

O 

timate  to  be  3  A/second.  In  Fig.  4  we  show  its  resistivity  determined 
supet conducting  transition.  The  v/idth  of  the  transition,  as  defined  by  the 
temperature  span  between  0.1  RN  and  0.9  RN  was  only  0.3  K,  implying  that  this 
film  is  a  very  homogeneous  specimen  of  CuMogSg.  The  temperature  derivative 
perpendicular  critical  field  near  T^  was  found  to  bo  1.6  T/K,  a  value  close  to 


that  of  bulk  material. 


In  Fig.  5  vye  show  the  X-ray  pattern  of  a  HoMOgSg  film,  also  deposited  at 

o 

a  rate  of  3  A/second,  and  v/hich  is  approximately  the  same  thickness  as  the 
CuMo^Sg  film  described  above.  The  plot  of  R(T)  is  shown  in  Fig.  6.  It  should 
be  noted  that  the  as-prepared  film  did  not  exhibit  reentrant  superconductivity 
and  had  a  resistivity  ratio  ^3qqk/*^1  5I<;  about  unity.  The  film  was  then 
returned  to  the  vacuum  system  and  annealed  for  an  hour  at  850°C  in  the 
presence  of  a  flux  of  sulfur  vapor  identical  to  that  used  during  the  original 
deposition.  The  resistivity  ratio  then  rose  to  2  and  reentrant  superconduc¬ 
tivity  was  observed.  A  subsequent  annealing  for  an  additional  two  hjurs  under 
the  same  conditions  resulted  in  a  further  reduction  of  the  room  temperature 
resistance  and  an  increase  of  the  resistivity  ratio  to  the  order  of  3.  In 
this  instance  reentrant  behavior  was  not  observed  in  zero  magnetic  field.  In 
a  field  of  a  few  hundred  Gauss  the  resistance  was  observed  to  increase  towards 
the  low  end  of  the  obtainable  temperature  range,  suggesting  that  the  final  an¬ 
nealing  steps  served  to  lower  T^^*  which  is  the  temperature  at  which  the 
material  reenters  the  normal  state.  Further  studies  at  lower  temperatures 
will  be  required  to  determine  in  detail  the  effect  of  the  final  annealing 
step. 

The  above  results  are  presented  to  demonstrate  the  versatility  of  the 
apparatus  used  to  prepare  thin  film  Chevrel  phase  compounds.  Adjustment  of 
the  evaporation  parameters  is  guided  by  observation  of  the  impurity  phases 
present  in  each  film  and  their  relative  stabilities.  Thus  in  the  case  of 


PbKogSg  we  were  not  successful  as  Pb  is  very  volatile  and  has  a  very  short 
dwell  time  on  the  substrate  at  high  temperatures  as  shown  by  the  absence  of 
any  Pb  or  Pb-bascd  phases  in  the  as-deposited  films.  The  annealing  process 
which  was  used  to  produce  reentrant  HoMo^S  is  potentially  very  useful  in 


preparing  these  materials  in  a  manner  consistent  with  fabricating  high  quality 
tunneling  junctions.  In  contrast  with  previous  v;orl<  in  which  annealing, 
either  to  produce  the  correct  phase  or  control  the  surface  was  carried  out  in 
a  separate  chamber  or  in  pyrex  or  quartz  tubes,  the  annealing  here  is  carried 
out  in  an  environment  compatible  with  subsequent  processing  to  form  a  tunnel¬ 
ing  junction.  It  may  be  possible  to  use  the  same  trick  with  Pb  as  was  used 
with  S  to  produce  PbMogSg,  thus  getting  around  the  difficulty  we  described 
above. 
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Figure  Captions 


g.  1.  Schematic  of  the  Evaporation  Apparatus.  The  letters  denote  the  fol¬ 
lowing  components:  a.  linear  motion  manipulator,  b.  vacuum  lock 
chamber,  c.  niobium  heater  block,  d.  substrate  holder,  e.  mask 
carousel,  f.  shutter,  g.  thermocouple,  h.  liquid  nitrogen  shroud,  i. 
sulfur  molecular  beam  oven,  j.  crystal  rate  monitors,  k.  four  hearth 
electron  beam  source,  m.  single  hearth  electron  beam  source. 

g.  2.  Detail  of  substrate  holder.  The  letters  denote  the  following 

components:  a.  niobium  heater  block,  b.  boron  nitride  itisulator,  c. 
substrates,  d.  stainless  steel  frame  with  niobium  bottom  sheet,  e. 
boron  nitride  mask,  f.  linear  motion  manipulator,  g.  stainless  steel 
mask  carousel. 

.  3.  X-ray  intensity  in  arbitrary  units  vs.  29  for  a  CuMo^Sn  film. 

D  O 

Miller  indices  labeling  various  lines  are  shown. 

.  4.  R(T)  for  the  CuMogSg  film  of  Fig.  3. 

.  5.  X-ray  intensity  in  arbitrary  units  vs.  20  for  an  HoMogSg  film  as- 
prepared. 

.  6.  R(T)  for  the  HoMogSg  film  of  Fig.  5.  The  rectangles  are  for  the  as- 
prepared  films.  The  closed  and  open  circles  are  for  measurements  on 
cooling  and  heating  after  one  anneal.  The  closed  and  open  triatigles 
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